We present data from recently conducted research regarding the diagnosis of blunt cervical spine injury (CSI) in children.
INTRODUCTION
Cervical spine injury (CSI) is uncommon in children, occurring in fewer than 1% of those who undergo radiographic evaluation of the cervical spine following blunt trauma [1] . When CSI occurs in children, outcomes are often poor [2] . Children less than age 8 are at particular risk for ligamentous injury and spinal cord injury without radiographic abnormality (SCIWORA) [3] .
Although CSI is uncommon in children, mechanisms that lead to CSI, such as motor vehicle crashes (MVCs) and sports injuries, are commonplace. Therefore, clinicians frequently face the diagnostic dilemma of how to most appropriately evaluate children at risk for CSI. Prehospital immobilization guidelines and low-risk clinical prediction rules for children have been developed and studied. For those patients at high risk of injury, imaging with newer modalities such as computed tomography (CT) and MRI are being employed.
Our objective herein is to review the recent literature to address relevant clinical questions that frequently arise in the emergent care of children at risk for CSI.
SHOULD AT-RISK TRAUMA PATIENTS HAVE SPINAL IMMOBILIZATION IN THE PREHOSPITAL SETTING?
Spinal immobilization is recommended for trauma patients with suspected CSI in the prehospital setting [4] . However, data verifying these recommendations in children is lacking [5] . A 2009 Cochrane Collaboration systematic review was unable to establish whether spinal immobilization had an effect on mortality, neurological injury or spinal stability [6] . Spinal immobilization is not necessarily benign, as it has been shown to diminish forced vital capacity [7] . Further research is needed to examine the risks and benefits of prehospital immobilization.
Recently, the effectiveness of selective immobilization protocols has been evaluated in the prehospital setting [8] . Domeier et al. [9] devised and validated a prehospital spinal clearance protocol in a cohort of 8975 patients that included 1915 children, of whom 1.8% had CSI. The criteria included altered mental status, focal neurologic deficit, intoxication, spine pain or tenderness and suspected extremity fracture. The absence of these criteria had a negative predictive value of 99.5% [95% confidence interval (CI) 99. 2-99.7 ]. The rule failed to identify one pediatric case, a 16-year-old with a C6 anterior body fracture that did not require surgical intervention. It is unclear how many preverbal children were included. More recently, Vaillancourt et al. prospectively validated the Canadian C-Spine Rule (CCR) ( Table 1) [10,11, 12 && ,13,14] in adults in the prehospital setting. Of the 1949 patients enrolled, there were 12 significant CSIs, all of which were classified correctly by prehospital providers [15] . These data suggest that trained prehospital providers may safely implement spinal clearance protocols; however, data regarding preverbal children are limited.
CAN TRIAGE NURSES CLINICALLY IDENTIFY THOSE AT LOW RISK OF CERVICAL SPINE INJURY?
Preliminary data suggest that nurses are able to accurately apply previously validated prediction rules to identify patients at low risk of CSI. After a computer tutorial and practical, triage nurses were able to implement the CCR (Table 1) with 90.2% agreement compared with a second examiner (k ¼ 0.78) [16] . The rate of CSI in this study was low (1.2%) and children were not included. A similarly designed study using the National Emergency X-Radiography Utilization Study (NEXUS) criteria and including children had comparable agreement between nurses and physicians, but was limited by the lack of any actual CSI in their population [17] .
WHAT ARE THE FACTORS THAT CHANGE THE LIKELIHOOD OF CERVICAL SPINE INJURY IN CHILDREN?
Anatomic, demographic and clinical factors affect the injury patterns and overall risk of CSI in children as discussed below.
Age
The incidence of CSI increases with age [18 & ]. Younger children compared with adults have larger heads, increased spinal ligament laxity, more horizontally oriented facet joints and a higher fulcrum of motion. These anatomical differences result in decreased frequency of cervical fractures but increased frequency of subluxation, ligamentous and spinal cord injury without fractures [19, 20] . In children older than 8 years, the spinal anatomy and mechanics resemble those of adults, with injury patterns becoming more similar and bony fractures becoming more common.
The location and type of injury also vary by age. Because of the rostral fulcrum of motion, CSI in young children tends to be higher (C2-C3) than injuries that occur in adolescents (C5-C6) [2, 21] . Young children are more likely to have direct injury to the spinal cord at a higher cervical spine level, resulting in more severe neurologic deficits [2, 22] . Kokoska et al. [23] demonstrated that young children had significantly higher mortality from CSI (30%) as compared with adolescents (7%).
Mechanism of injury
Mechanisms considered high risk for CSI include diving, sports trauma, MVCs and falls from significant heights [12 && ,14] . When stratified by age, sports-related trauma was the mechanism most frequently associated with CSI in older children, whereas MVCs were more commonly implicated in younger children [2, 22] . In a retrospective study of 12 882 children less than 3 years who presented with blunt trauma, the odds of CSI increased when the trauma was due to MVCs [odds ratio (OR) ¼ 5.1, 
Clinical presentation
Several clinical factors increase the risk of CSI, including alteration in consciousness and abnormal neurologic findings [11,12 && ,14] . In a large study of children younger than 3 years, Glasgow Coma Scale (GCS) less than 14 was the factor most predictive of CSI (OR ¼ 12.5; 95% CI 5-31.6) [14] . In a recent multicenter study across 17 sites, focal neurologic findings were strongly associated with CSI (OR ¼ 8; 95% CI 5.6-12.2) [12 && ]. Other clinical findings found to be associated with CSI include predisposing medical conditions, neck hematomas, torticollis, limited neck mobility, neck tenderness and the presence of other substantial injuries [12 && ] (Table 1) . Finally, children with CSI often have concomitant head injury [20, 24] , which increases the risk of mortality [2, 19] .
CAN CHILDREN AT LOW RISK OF CERVICAL SPINE INJURY BE IDENTIFIED USING ADULT PREDICTION RULES?
Several investigators have assessed the accuracy in children of prediction rules that were originally derived and validated mainly in adults. In the largest prospective study to date, investigators applied the NEXUS criteria [11] (Table 1) to 3065 children. The prediction rule had 100% sensitivity (95% CI 87.8-100) to identify CSI, although the study was limited because of the small number of children with CSI [1] . Because preverbal children cannot verbalize neck tenderness, some protocols have recommended performing plain radiographs in addition to assessing the remaining NEXUS criteria to evaluate children under 3. Clinicians using the NEXUS criteria and plain radiographs in 575 trauma patients younger than 3 years were able to exclude CSI in 80% of the cohort [25 & ]. Other studies applying both the NEXUS and CCR prediction rules (Table 1) to pediatric patients have reported lower sensitivies, but these studies are limited by retrospective design [26, 27] . Although more data are required, these studies suggest that a prediction rule for children that identifies those at low risk for CSI could be derived.
IS THERE A TOOL THAT IS MORE ACCURATE IN IDENTIFYING THOSE CHILDREN AT LOW RISK FOR CERVICAL SPINE INJURY THAN THE ADULT MODELS?
Currently, there are no well validated prediction rules derived in children that identify those at low risk for CSI. Studies in children have been either small or retrospective. Table 1 displays some of the rules that have been developed. Lee et al. [13] investigated the accuracy of a 10-criteria tool in 56 children with no missed cases of CSI. Pieretti-Vanmarcke et al. [14] created four new criteria to assess risk of CSI. When retrospectively applied to trauma patients younger than 3 years, the rule had a 99.9% negative predictive value. Finally, in the largest study of children with CSI, Leonard et al. [12 && ] used multiple regressions to identify eight risk factors associated with CSI. The absence of all criteria identified those at low risk for CSI with a sensitivity of 98% (95% CI 96-99).
DO FLEXION-EXTENSION RADIOGRAPHS HAVE A ROLE IN THE EVALUATION OF PEDIATRIC CERVICAL SPINE INJURY?
Static plain radiographs of the cervical spine are the initial test of choice in pediatric patients presenting with cervical trauma and concerning signs or symptoms of CSI. Although data are inconclusive, the use of flexion-extension radiographs, as an adjunct, has not been shown to be clearly beneficial and has generally fallen out of favor. Flexion-extension radiographs have previously been used to evaluate for ligamentous injury in patients with neurologic deficit but without fracture and to evaluate the stability of a known fracture in patients without neurologic deficit. Studies of adults have shown that obtaining adequate images is problematic (30-69% inadequate) [28, 29] ; and, even if adequate, flexionextension images may not add to static radiographs. Ralston et al. [30] retrospectively reviewed 129 pediatric patients who had both static and flexion-extension imaging. Of the 46 patients with normal static films, only one had abnormal flexion-extension images. This patient was ultimately determined to have no CSI. Goodnight et al. [31] also reported eight adult patients with abnormal flexion-extension images after a normal CT. All subsequently had normal MRIs.
With the availability of CT and MRI, flexionextension radiographs are rarely necessary in the evaluation for CSI. Garton and Hammer [27] showed that, compared with static radiographs and flexion-extension radiographs, CT had the most favorable test characteristics of the three. MRI has been shown to be superior to flexionextension radiographs in the evaluation for ligamentous injury. In one study of 49 patients who had both MRI and flexion-extension radiographs, flexion-extension radiographs missed all eight ligamentous injuries identified on MRI [32 & ].
HOW ACCURATE IS COMPUTED TOMOGRAPHY FOR THE DIAGNOSIS OF CERVICAL SPINE INJURY IN CHILDREN, AND WHEN SHOULD IT BE USED?
Because of its widespread availability and excellent test characteristics, CT is frequently used as a screening test for CSI. In a meta-analysis comparing the test characteristics of CT with plain radiography (mainly in adults), the CT had a pooled sensitivity of 98% (95% CI 96-99) compared with 52% (95% CI 47-56) for plain radiography [33] . Subsequent studies have corroborated this sensitivity, including a study of 2603 adults and children, in which helical CT had a sensitivity of 99% [34] [35] [36] [37] . In a prospective pediatric cohort study, CT identified 97% of bony injuries and 90% of total injuries in 418 patients. CT missed cases of subluxation, ligamentous and spinal cord injuries which were better visualized using MRI [38] .
Although CT is sensitive in the detection of CSI, it should not be the first-line screening tool for all children who require radiographic evaluation for possible CSI. The combination of an overall low risk of CSI in children and the need to minimize radiation to the thyroid strongly supports judicious use of CT [39] . The use of CT as a screening test for the diagnosis of CSI may be appropriate for those children at highest risk for CSI, particularly those with GCS less than 14 [33] . Focused CT (C1-C2) may also be considered when the odontoid radiograph cannot be obtained.
HOW HAS MRI IMPROVED THE EVALUATION OF PATIENTS WITH SPINAL CORD INJURY WITHOUT RADIOGRAPHIC ABNORMALITY?
SCIWORA is defined as acute spinal cord injury with objective signs of myelopathy but with normal plain radiography and CT [40] . MRI has improved the ability to characterize injury and determine prognosis in these patients. MRI may show transection, hemorrhage, edema and concussion to intraneural or extraneural structures, or the MRI can be normal. These findings correlate with long-term prognosis, with SCIWORA patients with a normal MRI having the best outcomes [3, 41, 42] . Case reports have described delayed-MRI findings, suggesting that the timing of MRI in patients with SCIWORA may be important [43] .
WHAT IS THE ROLE OF MRI IN THE EVALUATION OF OBTUNDED BLUNT TRAUMA VICTIMS?
Traditionally, the management of obtunded blunt trauma victims with normal radiographs and/or CTs has been to maintain cervical spine immobilization until clinical clearance is possible. However, concern for ligamentous injury not evident on plain radiographs and CT should be balanced with the risks of cervical spine immobilization. For example, one retrospective series reported that 9.7% of adult patients developed collar-related decubitus ulcers, with rates increasing proportionally to the number of days immobilized [44] .
An alternative approach that has been increasingly used is to obtain a MRI to evaluate the cervical spine in cases of prolonged obtundation. In a recent systematic review of 1550 obtunded patients with normal CTs, MRI detected clinically significant abnormalities, mostly ligamentous, in 6% of patients [45 & ]. Unfortunately, the studies included in this systematic review were mostly small retrospective cohorts of adults and were limited by the lack of a gold standard. Stassen et al. [46] studied an algorithm in adults, which used MRI at day 3 in those persistently obtunded with a normal CT. Of those imaged with MRI, 60% had a normal study and had immobilization discontinued. Although pediatric data are lacking, one retrospective study of 25 obtunded children revealed three cases of CSI detected by MRI that had been missed on CT [47] . Although further prospective diagnostic studies are needed, the present data are promising for the use of MRI in obtunded children to help rule out CSI.
CONCLUSION
CSI in pediatric patients is rare, but, due to unique patterns of injury and relatively high morbidity and mortality, it is important to study them separately from adults. Prehospital immobilization is recommended for children at significant risk of CSI, but those who fulfill low-risk criteria may potentially be spared immobilization. Because CSI is rare in children, it has been difficult to determine the most accurate and useful low-risk criteria for prehospital providers to use for identifying those unlikely to have CSI. Mechanism of injury and physical examination findings, including altered mental status and focal neurologic symptoms, help identify those at highest risk of CSI who need further evaluation. Several low-risk prediction rules have been created, but large prospective validation is still needed. Plain radiographs remain a useful screening tool for CSI, but CT has a higher sensitivity and may be especially useful in high-risk patients. Flexion-extension films appear to have limited usefulness. MRI has more favorable test characteristics to identify ligamentous and nonbony injuries, which improves prognostic capability.
